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Abstract 
 
For accelerator magnets, high Tc superconductors (HTS) are a remarkable option comparing with low Tc superconductors (LTS), 
since they possess several distinctive characteristics, such as good thermal stability and high cooling efficiency. On the other side, 
HTSs have strong mechanical constraints which make them hard to shape, like bending and winding. In this paper, a method is 
proposed to solve the mechanical constraint problems of HTSs, and the feasibility of applying HTSs to combined-function 
accelerator magnets is proved. The detailed method is presented to apply coated conductors into the design of a combined function 
accelerator magnet containing both dipole and quadrupole magnetic field components, which is named 2+4 pole magnet in this 
paper. This method takes electromagnetic characteristics of coated conductors into account, and it is capable of solving their 
mechanical constraint problems. First a 2D cross-sectional design of the straight section was completed, with a layout in the form of 
multi-layers to generate required magnetic fields. Then a 3D design was carried out to wind coil ends considering flat-wise/edge-
wise bending and torsion tolerance. The locations and angles of coated conductors were optimized to improve the efficiency of field 
generation and minimize the field error. Results show that coil ends can be successfully designed, and electromagnetic analyses 
show that the designed magnet can properly generate required magnetic field. 
 
© 2013 The Authors. Published by Elsevier B.V. Selection and/or peer-review under responsibility of ISS Program Committee. 
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1. Introduction 
  
High magnetic field generation using superconductors has attracted broad attention for various applications, such 
as accelerators that are being widely used nowadays not only in physics research, but also in medical carbon therapy. 
For accelerator magnets, high Tc superconductors (HTS) are a remarkable option, since they possess several distinctive 
characteristics comparing with low Tc superconductors (LTS), such as good thermal stability and high cooling 
efficiency [1-7]. However, since most of practical HTSs are in flat tape shape, they have strong mechanical constraints 
which make them hard to sharp, especially to bend and wind. 
The objective of this paper is to solve the mechanical constraint problems of HTSs and to prove the feasibility of 
applying HTSs into the design of accelerator magnets, specifically a combined-function accelerator magnet that 
contains both dipole and quadrupole magnetic field components, which is named 2+4 pole magnet in this paper that 
can realize functions of bending and focusing/defocusing simultaneously. A detailed method is presented to design the 
2+4 pole magnet using coated conductors. This method includes 2D design for straight section and 3D design for coil 
end winding, and it can carry out electromagnetic analyses and solve mechanical problems. First, a 2D cross-sectional 
design of the straight section was completed, with a layout in the form of multi-layers to generate required magnetic 
fields. In some designs, layers are categorized into dipole or quadrupole layers which can generate only dipole or qua- 
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Table 1. Parameters of the combined-function 2+4 pole magnet as the design target 
 
Parameter Design target 
Straight section length 1 m 
Bore radius 50 mm 
Reference radius 35 mm 
Dipole field 2.88 T 
Quadrupole field 9.0 T/m 
 
drupole magnetic fields [8]. In this paper, each layer can generate both dipole and quadrupole magnetic field 
components and the ratio between these two components can be adjusted as needed during design. In this way, the 
design method is more flexible for different requirements. Following the 2D design, a 3D design was carried out to 
wind coil ends. The mechanical constraints such as flat-wise/edge-wise bending and torsion tolerance of coated 
conductors were considered, and reasonable bending radius and allowable torsion were adopted for calculation in the 
3D design. Electromagnetic analyses were also carried out, and the results obtained were used to optimize the 
locations and angles of coated conductors to improve the efficiency of field generation and minimize the field error. 
Finally, the design can be accomplished and results show that coated conductors can be successfully applied to the 
design of combined-function accelerator magnets. 
 
2. Design target of combined-function magnet 
 
The target of this paper is to design a combined-function magnet with both dipole and quadrupole components, 
named 2+4 pole magnet. The detailed parameters of the magnet are listed in Table 1. The HTSs applied in this design 
are coated conductors of 5 mm width, 0.2 mm thickness and 2 m superconductor thickness. All coated conductors are 
set to be with operation current of 200 A at 20 K. 
 
3. 2D cross-sectional design and 3D coil end design 
 
Based on the magnetic strength and gradient, the exact current distribution around the mandrel can be calculated, 
shown as Fig. 1(a). Since it is impossible to realize exactly the same current distributions by arranging coated 
conductors on the mandrel, except dipole and quadrupole components, other 2N-pole components may exist as well 
(2N-1-pole components are cancelled because the magnet is horizontally symmetric). To make sure the magnet can 
meet required field quality, other 2N-pole components normalized by the dipole component are controlled to be less 
than 10-4 at the reference radius. The effect of return yokes was also considered and estimated by using the image 
current method. Magnetization current was comparably small and neglected. Instead of using conventional centred 
pulse PWM to locate coated conductors, the trailing edge modulation PWM is applied, as Fig. 1(b). The width of 
PWM pulses are kept as wide as possible to reduce the blocks, as long as the accuracy is satisfied. The new method 
has been proved to be efficient that it can generate the same magnetic fields by using less turns of coated conductors.  
Coated conductors have strong mechanical constraints making them hard to bend and wind, so when designing the 
coil ends wound with coated conductors, flat-wise bending, edge-wise bending and torsion should be considered. To 
estimate local bending curvature of conductors, differential geometry [9-10] is applied, in which the winding of a tape 
in 3D is shown in Fig. 2. The vectors can be described in Frenet-Serret formulas as Equation 1, where T is the tangent 
of base curve on the mandrel surface, n is perpendicular to the tape surface and b is orthogonal to T and n, with n, g, 
and  as surface bending, edge bending and torsion curvature. When designing a coil end, the base curve is determined  
 
Fig. 1. (a) Current distributions for dipole and quadrupole components and for required magnetic field and (b) Trailing 
edge modulation PWM for cross-sectional design. 
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beforehand and g is assumed to be zero. Then a new set of parameters can be derived using additional torsion T* 
obtained by the cubic spline function [10] as Equation 2. The base curve on the mandrel is set to be in the shape of 
ellipse, and the edge of the coated conductor following this curve is named base edge, while the other edge is named 
free edge and its trail can be calculated by Equation 1 and 2. 
The 2+4 pole magnet is horizontally symmetric, whereas it is vertically asymmetric, as shown in Fig. 4(a). Hence, 
one bundle of coated conductors on the left (carrying negative current in Fig. 4(a)) may connect to different bundles 
on the right (carrying position current). Therefore, bundles are separated into pairs with each on each side containing 
the same number of coated conductors. In this way, coil ends can be designed for each pair individually. During 
design, if the same curvature is used for a pair of asymmetric coated conductors, they cannot get connected properly, 
because the one close to the vertical axis needs a shorter coil end than the other one. To solve this problem, one way is 
to add a straight part to the former coated conductor, and the other way is to design coil ends according to their 
symmetric axis. The latter way has been proved to be practical, whereas the former way causes overlaps of adjacent 
coated conductors. For easy fabrication, coil ends are also designed in bundles to minimize the number of end-spaces. 
Taking the results of coil end design as a feedback, the magnetic field can be optimized. First, the straight section 
was designed. Second, the corresponding coil ends were designed, and multi-pole components at the centre of the 
magnet were calculated by Equation 3, demonstrated in Fig. 3, where r and r0 are the distances from the original point 
to the calculation point and to the current respectively. Then the design of straight section was updated to suppress 
higher multi-pole components (6-pole and above), by using the change of multi-pole components with or without coil 
ends. These steps were repeated until higher multi-pole components normalized by dipole component are less than 10-4. 
 
dT/ds = nn - gb,    dn/ds = nT + b,    db/ds = gT – n (1) 
T* = T, n* = cos T*n + sin T*b, b* = cos T*b - sin T*n, * =  + d T*/ds, g* = sin T* n, n* = cos T* n (2) 
dBn = 0I0r0n-1/4 rn*cos(n )*cos( 1- 2)                   (3) 
 
4. Design results and electromagnetic analyses 
 
To generate required magnetic fields, multi-layer configuration is selected and adjacent layers are isolated by a 2 
mm wide space. The result of cross-sectional design after 3D optimization is show in Fig. 4(a), with 8 layers of coated 
conductors carrying 200 A each. Coil ends were designed based on optimized cross-section as shown in Fig. 4(b), with 
flat-wise bending radius bigger than 20 mm, and the edge-wise bending strain less than 0.3% [11-12]. 
Magnetic field within the reference radius has been calculated based on the entire 2+4 pole magnet including both 
straight section and coil ends. According to Table 1, the reference radius is 35 mm and the magnet is 1 m long. Fig. 
5(a) shows the magnetic field distribution along the beam trajectory from the centre to one end. The multi-pole 
components up to 20-pole were calculated at the centre of the magnet. The normalized value of each higher multi-pole 
component (6-pole and above) is show in Fig. 5(b), which is less than 10-4.  
 
Fig. 2. Winding in 3D and established coordinate system. 
Fig. 3. Calculation of multi-pole components by xz-plane symmetric currents. 
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Fig. 4. (a) Cross-section after optimization and (b) 3D coil design for one layer. 
 
Fig. 5. (a) Magnetic field along the beam trajectory and (b) multi-pole components normalized by dipole component. 
 
5. Conclusion 
 
The method proposed can successfully solve the mechanical constraint problems of coated conductors and use 
them to design a combined-function accelerator magnet. Design results show that the magnet designed can properly 
generate required magnetic field containing both dipole and quadrupole components. 
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